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NEW TRENDS IN PLANT SYSTEMATICS

A proposal for a standardised protocol to barcode all land plants
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We propose in this paper to use three regions of plastid DNA as a standard protocol for barcoding all land
plants. We review the other markers that have been proposed and discuss their advantages and disadvantages.
The low levels of variation in plastid DNA make three regions necessary; there are no plastid regions, cod-
ing or non-coding, that evolve as rapidly as mitochondrial DNA generally does in animals. We outline two,
three-region options, (1) rpoClI, rpoB and matK or (2) rpoCIl, matK and psbA-trnH as viable markers for land
plant barcoding.
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At present there is no standard protocol for DNA bar-
coding of land plants. This is mainly because the DNA
region being used as the official barcode for animals, a
portion of the mitochondrial gene cox! (sometimes known
as CO1), will not succeed due to generally low levels of
variability in the mitochondrial DNA of land plants. The
aim of this paper is to keep the plant barcoding com-
munity abreast of ongoing research towards finding a
standard DNA barcoding protocol for land plants. We
describe the attributes of the plant barcoding regions that
have been proposed to-date and suggest two options for
standardising on a plant DNA barcoding protocol. One op-
tion is to use portions of three plastid genes, rpoCI, rpoB
and matK; the other is to combine portions of two plastid

genes, rpoCI and matK, and a plastid intergenic spacer,
psbA-trnH. Protocols and primers for these two options
can be found at: http://www.rbgkew.org.uk/barcoding/
update.html. The reasons why both of these options in-
volve three DNA regions and why we offer two options
instead of one are discussed below.

The slow evolutionary rate of plant mitochondrial
DNA is well known (with some notable exceptions; Palmer,
1992; Palmer & al., 2000; Parkinson & al., 2005; Bakker
& al., 2006), so when zoologists selected a mitochondrial
gene, coxI (or COl), as the standard barcode for animals
(Hebert & al., 2003a, b), it was clear from the outset that
an alternative solution would be required for plants. The
closest equivalent source of a plant barcoding region is the
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plastid genome. This genome shares many of the desirable
attributes of animal mitochondrial DNA for barcoding,
such as conserved gene order and high copy number in
each cell enabling easy retrieval of DNA for PCR and
sequencing. One problem with plastid DNA, however, is
its generally slow rate of evolution, and the challenge has
been to find a plastid region that is sufficiently variable
for DNA barcoding. A suitable region should ideally show
enough variation within it to discriminate among species,
yet be conserved enough to be present and routinely re-
trievable across the > 400 million years of evolutionary di-
vergence represented by extant land plant diversity. This is
a non-trivial problem; finding a marker (or perhaps set of
markers) for which primer binding sites are conserved but
which shows high levels of variability across all groups
of land plants represents a set of contradictory targets. If
markers have highly conserved primer binding-sites, they
tend to also be internally more conservative, whereas for
the most variable regions it is difficult to identify sites for
reasonably conserved primers.

An additional desirable trait for a potential barcod-
ing region is to have a reading frame so that the presence
of nonsense substitutions could be used as a criterion to
evaluate how good sequencing reactions/editing have
been. This is of course the case for cox/, which is an exon
(coding region). Although not specifically a requirement,
it is viewed as desirable for the universal plant barcoding
marker(s) to be coding regions so that alignment is eas-
ily accomplished (if necessary by conversion to amino
acids), thus making the selected markers also useful for
studies of phylogenetic relationships and molecular evolu-
tion. For a non-coding region (intron or intergenic spacer)
to represent a viable alternative it is necessary for it to
have (1) universal primers and standard PCR protocols,
(2) consistently higher variation than coding regions, and
(3) anon-complicated pattern of molecular evolution (see
below for an example of one such problem).

The protein encoding plastid gene rbcL has been
proposed as a potential plant barcode by several sets of
researchers (Chase & al., 2005; Newmaster & al., 2006),
usually in conjunction with one or more other markers.
One benefit of this region is the large amount of existing
information—there are more than 10,000 rbcL sequences
already in GenBank (Chase & al., 2005; Newmaster &
al., 2006). However, many of these are unvouchered or
erroneously identified, and none has electropherogram
trace files available, so all of these would have to be
repeated to meet the standards for an official “DNA bar-
code” designation in GenBank. Furthermore, studies by
Chase & al. (2005) and Newmaster & al. (2006), which
demonstrated a fair degree of success in discriminating
species, used nearly entire rbcL sequences (at least 1300
bp long). An ideal DNA barcoding region should be short
enough to amplify from degraded DNA and analysed
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via single-pass sequencing. One possibility is to develop
primer sets for short portions of this gene to produce a
barcode of appropriate length, but our attempts to develop
universal primers to achieve this have been unsuccessful
to date.

Another plastid DNA region proposed is the non-cod-
ing psbA-trnH spacer (Kress & al., 2005; Shaw & al.,
2007). This region is one of the most variable non-coding
regions of the plastid genome in angiosperms in terms of
having the highest percentages of variable sites (Shaw &
al., 2007). This variation means that this inter-genic spacer
can offer high levels of species discrimination (Kress &
al., 2005; Shaw & al., 2007). However, there are enor-
mous problems with alignment for this locus caused by
high rates of insertions/deletions; alignment of the psbhA-
trnH spacer across most larger families of angiosperms
is highly ambiguous. It appears that even within closely
related taxa, great length differences exist, such that at
greater taxonomic distances no shared sequence remains.
Furthermore, in some groups of plants, the psbA-trnH
spacer is exceedingly short (less than 300 bp; Kress &
al., 2006; K. Cameron, unpubl.), whereas in others, such
as orchids, it is much longer because it contains copies
of rpl22 and rpsi9 (which makes it greater than 1,000
bp; Chang & al., 2006). The rpsi9 gene or pseudogene
is also found between trnH and psbA in maize, rice and
wheat (Chang & al., 2006). In BLAST searches of mono-
cot psbA-trnH sequences in GenBank, we have found that
representatives of Commelinales, Dioscoreales, Liliales
and Zingiberales also have a copy of rpsI9 in this position,
but we could not detect any 7ps/9 sequence in this spacer
for representatives of Acorales or Alismatales. Chang &
al. (2006) suggested that the rps/9-trnH cluster was dupli-
cated early in the evolution of monocots, but that in some
monocots the copy of rps/9 positioned between trnH and
psbA is apparently a truncated pseudogene. It is possible
that bioinformatic solutions to deal with such enormous
length variation and molecular evolution could be devel-
oped and implemented. However, the use of this region as
the standard plant DNA barcode alone is problematical.
Its long length in some species (> 1000 bp) represents a
problem for retrieval from degraded tissue such as highly
processed material (as in folk medicines) or from forensic
samples. Furthermore, founding a massive plant barcod-
ing database that at its core has sequence data unalignable
between families clearly places massive constraints on
the benefits that can be gained from future comparative
analyses. A last point here is that although non-coding re-
gions such as pshA-trnH are generally more rapidly evolv-
ing than genes, this is not always the case; in some groups
of mosses, matK and rpoCI both contain more variable
positions (T. Hedderson, unpubl.). This was also true for
matK in Crocus and Hordeum (O. Seberg & G. Petersen,
unpubl.). Shaw & al. (2007) made this point as well; these
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comparisons of rates of change in plastid regions are only
generalisations, and deviations are common.

The plastid intron in t7nL has also been suggested as
an appropriate region for DNA barcoding (Taberlet & al.,
2007). However, resolution with this region is obviously
far too low due to its slow rate of molecular evolution
(Shaw & al., 2005). For a non-coding region, it is sur-
prisingly conserved, perhaps due to its highly conserved
secondary structure.

Aside from the three regions of plastid DNA that have
been presented, the one other widely used and more vari-
able region that has been proposed as a barcoding region
is the internal transcribed spacer portions of nuclear ri-
bosomal DNA or nrITS (Chase & al., 2005; Kress & al.,
2005). ITS has a long record of use (Baldwin, 1992), and in
most groups of flowering plants it has performed well as
a phylogenetic marker. In nearly all cases, it has produced
results similar to those found with plastid DNA, but it
often has 3—4 times more variable sites that evolve up to
four times more rapidly (van den Berg & al., 2000). For
example, in a set of eight Protea species (Proteaceae) that
span the basal nodes of the genus, we detected only eight
variable positions in total from sequences of the plastid
genes rpoCl, rpoB, and matK, and only four of these were
unique to single accessions; only six positions were vari-
able in psbA-trnH for this same set of species, and only
three species had unique sequences. For nrITS in these
same eight species, we recovered 16 variable positions
and a unique sequence for each species (L. Valente & M.
Chase, unpubl.). However, in yet other taxa, e.g., Scalesia
(Asteraceae), no variation is found in any of the plastid
regions investigated here or in nrITS (G. Petersen & O.
Seberg, unpubl.). Clearly there will have to be special pro-
tocols if DNA barcoding is to be viable in certain groups
of plants. Although not often noted, the same is true for
certain groups of animals and perhaps some fungi.

Nuclear nrITS is also subject in most organisms
to gene conversion/concerted evolution (Wendel & al.,
1995; Chase & al., 2003), so that a single copy type is
maintained (variation among the thousands of copies does
occur, but one general consensus copy predominates).
However, in some land plants, multiple copies are main-
tained, and even in some groups of angiosperms several
divergent and still functional copies of ITS are routinely
detected (Rapini & al., 2006). Presence of multiple, di-
vergent copies makes nrITS unacceptable as a standard
barcoding region across all land plants. In addition, nrITS
also requires different PCR conditions and additives than
the plastid regions selected (dimethyl sulfoxide, DMSO),
so multiplexing PCR reactions with ITS and most plastid
DNA regions is not possible. There are several groups of
angiosperms for which nrITS can still make a valuable
additional contribution as a “local barcode” when low
levels of plastid DNA variation are encountered, but the

Chase & al. * Protocol to barcode all land plants

problems related to its molecular evolution in many groups
makes it undesirable to include nrITS in our proposal for
a standardised protocol for all land plants.

Based on our assessment of the existing literature,
there is no currently available, universally usable region
of the nuclear genome, and because the overall rate of
plastid DNA evolution in plants is much slower in general
than mitochondrial DNA in most animal groups, there
is no single plastid DNA marker, coding or non-coding,
that can alone stand as the plant barcode in all groups
of land plants. One solution to this problem is to use a
combination of plastid regions that together represent a
viable plant barcode.

The Alfred P. Sloan Foundation and the Gordon and
Betty Moore Foundation (both of the U.S.A.) recently
funded a project that compared performance of a range
of plastid regions with the aim of finding suitable DNA
barcoding regions that could be used as “the universal
land plant barcoding protocol”. This consortium project,
centred at the Royal Botanic Gardens, Kew, but including
researchers from 11 institutes in seven countries (Brazil,
Colombia, Denmark, Mexico, South Africa, UK., and
U.S.A.), undertook first to screen more than 100 potential
coding and non-coding plastid DNA regions to (1) identify
those that could be amplified with a simple and standard-
ised set of primers and protocols, and (2) evaluate the 5-6
most promising regions on a broad set of land plant taxa.
To make comparisons of variation between loci quick and
easy in the first phase of our project, DNA of 96 pairs
of closely related, often sister taxa, from across the land
plants was mixed together for PCR and then sequenced,
which permitted us to estimate numbers of polymorphic
sites by which these pairs differed. By doing compari-
sons of PCR success and levels of variation, we quickly
narrowed our search down to those loci with the greatest
potential for universality and variability.

The full results of this study will be published else-
where, and analyses of the efficacy of intensively trialled
regions in part 2 are still ongoing. However, as a “research
update”, we summarise the current state of play. Two plas-
tid gene regions, partial 7poCI and rpoB, performed well
as barcoding regions in terms of being amplifiable with
a limited range of PCR conditions and primer sets and,
although not particularly rapidly evolving, were able to
discriminate among species in many groups of organisms.
A third gene region, matK, showed much higher levels of
sequence variation and provided better species discrimi-
nation, but work is still underway to improve PCR primer
sets to enhance its ‘universality’. The greatest level of spe-
cies discrimination was achieved when all three regions
are combined (rpoCl, rpoB and matK ), and this represents
one option as a standard DNA barcode for plants.

A second option we present is rpoCl, matK, and psbA-
trnH. This option substitutes for the relatively conserved
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coding region, rpoB, the previously mentioned, highly
length-variable, non-coding intergenic spacer, psbA-trnH.
The benefits to doing this are that additional species level
resolution may be obtained, while at least part of the plant
barcode (the sequences from rpoCI and matK) will be
comparable and alignable across broad evolutionary dis-
tances. The downside of this approach relates to the intro-
duction of bioinformatics challenges and problems with
degraded tissue due to the variation and often larger size
of the psbA-trnH spacer.

If a standardised protocol is to be adopted so that
complete unknowns can be identified, the evolutionary
dynamics of plastid DNA mean that a multi-locus proce-
dure is necessary to be able to retrieve an accurate iden-
tification from the database. Of course, producing three
regions will cost more than one, but there is no universally
variable, single plastid DNA region that can serve this
purpose. Furthermore, the general principle of having a
multi-locus barcode has been accepted by CBOL (Consor-
tium for the Barcode of Life; D. Schindel, pers. comm.).
DNA sequencing costs are now low enough to make three
loci feasible, and with future improvements costs will be
even less of an issue. When several (8—12) appropriate,
nuclear, low-copy regions have been identified and be-
come feasible (Chase & al., 2005), multi-locus barcodes
will be better able to deal with the biological complexities
of species distinctions that many people worry will not be
addressed by the use of just plastid or mitochondrial DNA.
Until we reach this point with exploration and develop-
ment of nuclear loci as barcodes, it is in the meantime
important to get plants into the barcoding effort. Even
imperfect systems, such as the ones proposed here, are
likely to make a major impact on many areas of research
and are sufficient for many applications. For example, to
address the flora of a specific geographic region, a bar-
code need only deal with a limited number of the possible
taxonomic entities that exist within a genus, and for these
applications the currently proposed methods are highly
successful (K. Cameron & al., unpubl); sometimes even
a single, relatively conserved DNA region will work well
(Taberlet & al., 2007).

Any proposal for assignment of the keyword “bar-
code” to a sequence region in GenBank must be accepted
by CBOL before GenBank will accord this recognition.
Thus far, only cox/ has that designation, but it is clear
that plants necessitate several loci and thus a different
approach.

Methods and protocols for the regions selected can
be found on the Royal Botanic Gardens, Kew, website
(www.rbgkew.org.uk/barcoding/rationale.html). Primer
sequences for some taxa are still under development be-
cause those currently in use are not as robust and broadly
applicable as we feel they should be. Nonetheless, progress
has been significant enough that we are able to say that,
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providing these remaining technical issues can be over-
come, the two, three-region options, (1) ¥poClI, rpoB and
matK, or (2) rpoCIl, matK and psbA-trnH, represent the
best viable options for the use of plastid DNA as barcodes
for all land plants. A proposal presenting these two options
as candidate barcoding regions for plants and exploring
the strengths and weaknesses of the two will be submitted
to CBOL shortly.
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